Introduction 31
Batesian mimics are palatable and harmless species which resemble aversive or defended prey, 32 many of which advertise their unprofitability to predators with aposematic warning signals (Bates, 33 1862; Ruxton et al., 2004) . They gain protection from attack by fooling predators into misidentifying 34 them as unprofitable or dangerous. While for over a century Batesian mimicry has been considered a 35 classic example of adaptive evolution, it has long been recognised that many supposed mimics only 36 approximately resemble their putative models (Gilbert, 2005; Sherratt, 2002) . This poses the 37 question: if natural selection by predators favours the ever closer resemblance of a mimic to its 38 model, why are so many mimics clearly "imperfect" (Edmunds, 2000) ? There are several possible 39 answers to this question (reviewed in Gilbert, 2005) , with recent evidence suggesting that selection 40 for perfect mimicry may be relaxed in palatable but relatively unprofitable prey (Penney et al., 41 2012) , and that mimetic accuracy may be traded-off against thermoregulatory costs (Taylor et al., In 42 Review). However, there is no consensus about the most important factors influencing the precision 43 with which mimics resemble their models (Gilbert, 2005) . 44 A widely recognised problem with studies of mimicry is that, whilst many mimics appear imperfect 45 to human or other vertebrate eyes, the predators that are actually responsible for selection of 46 mimetic phenotypes may include taxa (e.g. insects and spiders) with very different sensory and 47 cognitive abilities (Stevens, 2007) . Thus, it is entirely possible that real-world predators perceive 48 apparently imperfect mimics as being indistinguishable from aversive or defended prey (Cuthill and 49 Bennett, 1993) . As yet, however, there is very little empirical evidence for differences in perception 50 of prey signals among predators, especially in natural situations, and invertebrate predators in 51 particular have been neglected in the literature on mimicry (but see Kauppinen and Mappes, 2003; 52 Rashed et al., 2005) . This gap in our knowledge, combined with the fact that we know almost 53 nothing about the relative importance of different current and historical causes of selection onwarning and mimetic patterns in natural populations of invertebrates, seriously limits our ability to 55 test hypotheses about the evolution of aposematism and mimicry. 56
It was noted as far back as the origin of the theory of Batesian mimicry that a wide range of 57 predators avoided aposematic butterflies including dragonflies, mantids and flies (see Carpenter and 58 Ford, 1933 ), but to date the majority of studies of predator perceptions of aposematism and 59
Batesian mimicry have focussed on birds (e.g. Dittrich et al., 1993; Ham et al., 2006; Mostler, 1935 ) 60 and other vertebrates (e.g. Hetz and Slobodchikoff, 1988; Nonacs, 1985; Osorio et al., 1999) . Birds 61 have been seen as important predators of a wide range of aposematic and mimetic prey taxa, as well 62 as being easily trained and having a predictable behavioural repertoire, making them ideal study 63 species. Early experiments demonstrated that avian predators have the potential to select for 64
Batesian mimicry, but that they are not fooled by relatively imperfect mimics (Mostler, 1935) . These 65 experiments showed that the more closely hoverflies (Diptera: Syrphidae) appeared to mimic 66 hymenopteran models, the more protection they received from predation. They also showed that 67 birds were less likely to attack certain mimics following experience with their proposed 68 hymenopteran model. Overall, these experiments suggested that birds were generally deceived by 69 mimics, but that the extent of protection enjoyed was dependent on the closeness of the mimic's 70 resemblance to its model. 71
Although birds demonstrate some differences from humans in the perception of prey signals (Bain et 72 al., 2007; Dittrich et al., 1993) , and may have some cognitive and sensory limitation which impact on 73 their ability to identify prey correctly (Chittka and Osorio, 2007; Kikuchi and Pfennig, 2010) , many 74 mimetic hoverfly species appear to gain little protection from birds as a result of their resemblance 75 to their hymenopteran models (Dlusskii, 1984) . This would suggest that the potential for avian 76 predation to select for inaccurate Batesian mimicry in invertebrate prey is limited. However, mimetic 77 hoverflies are also attacked by many invertebrate predators (Howarth and Edmunds, 2000) , andthese species are likely to view the mimetic patterns of their prey in a very different way from 79 humans and other vertebrates. 80
In spite of the strong evidence for the visual and cognitive abilities of invertebrates (e.g. Dyer responses to warning signals and to putative Batesian mimicry. Dejean (1988) found that hunting 83 workers of the ant species, Odontomachus troglodytes, not only learned to avoid the warningly 84 coloured larvae of an African chrysomelid beetle, but also retained this behaviour for up to 28 days 85 following an initial costly experience. Similarly, mantids can learn to avoid aposematic prey 86
Methods 132
Study System 133
We examined behavioural responses of S. globosum to common aposematic and mimetic prey, and 134 artificial models of prey, at our field site in Sobreda de Caparica, Lisboa, Portugal (38°33'67"N, 135 009°11'34"W). Adult S. globosum are the most abundant flower-dwelling predators at our site in 136 spring (Ibarra, 2013) , and are frequently observed attacking flower-visiting arthropods, including a 137 range of mimetic hoverflies, and other non-mimetic flies. Although S. globosum frequently kills 138 honeybee workers (Reader et al., 2006) , we have not observed it attacking any of the venomous 139 social wasps (Hymenoptera: Vespidae) which visit flowers to feed on nectar and/or hunt for prey, 140 the most common of which is the paper wasp Polistes dominula (also referred to as P. dominulus). P. 141 dominula appears to be a threat to S. globosum: spiders were attacked and consumed by wasps 142 when kept in captivity together. 143
For our experiments, we collected individuals of seven species of Diptera and two species of 144 Hymenoptera from flowers on which S. globosum is known to forage (Figure 1 ; Table 1 ). Four of the 145 dipteran species have black and yellow or orange stripes on the abdomen, and appear to be mimics 146 of vespid wasps such as P. dominula, one is apparently a honeybee mimic, and two are apparently 147 non-mimetic flies. Excluding the honeybee mimic (Eristalis tenax), we assigned the dipteran species 148 a rank according to the accuracy with which human volunteers perceived they mimicked P. 149 dominula. Twenty seven students at the University of Nottingham were shown one photograph 150 selected at random from three high-resolution colour photographs of P. dominula, and one of three 151 photographs (again, selected at random) of each of the six fly species. We used the best images of 152 each species to which we had access, but the scale, lighting conditions etc. of these images varied as 153 was not always known. Volunteers were asked to rank the fly species in the photographs in order of 154 resemblance to P. dominula. We did not emphasise the importance of any particular cues/criteria in 155 scoring resemblance. 156
Experiment 1: Prey Preference 157
A field experiment was carried out to determine if crab spiders distinguish among prey types, and to 158 establish the palatability of the defended model species (P. dominula and A. mellifera). Between 159 0900 and 1800 on 19 sunny days between April 3rd and May 5th 2008, live model and mimic species 160 were offered to S. globosum found foraging on flowers in the field and their subsequent response 161 recorded. Individuals of seven prey species (Table 1) were caught with a sweep net no more than 24 162 hours before the experiment and temporarily stored in specimen tubes. Immediately before the 163 experiment, each individual was stunned using carbon dioxide gas, its wings were removed, and a 164 piece of very fine metal wire (350 mm long and 0.125 mm in diameter) tied between its head and 165 thorax. The removal of the wings ensured that the prey were easier to manipulate, and minimised 166 the extent of any auditory or behavioural cues which might influence spider behaviour. Each 167 individual was suspended on its wire from a 30 cm wooden stick and offered to a different spider (n 168 = 180; 139 females and 41 males). An individual of a randomly selected prey taxon was "dangled" 5 -169 10 mm above the centre of a haphazardly selected flower with a resident spider. Random selection 170 of prey types meant that sample sizes were not necessarily equal. Individuals were dangled for 5 min 171 or until they were killed by the spider. In addition to whether prey were killed and consumed by 172 spiders, seven distinct spider behaviours were recorded during trials (Table 2) . During the course of 173 Experiment 1, it became clear that "retreat" actually encompassed two distinct behaviours, one of 174 which was subsequently redefined "bungee". 175
Experiment 2: Can Spiders Learn Aversion to Mimetic Prey? 176
In order to control the previous experiences and hunger of the crab spiders, all subsequent 177 experiments were carried out under laboratory conditions at our field station. Spiders used in 178 laboratory experiments were collected from flowers in the field, stored individually in 9 cm Petri 179 dishes and kept on a natural light:dark cycle. Prior to their use in experiments, they were starved for 180 at least four days to increase their motivation to hunt. 181
The first laboratory experiment tested whether prior experience with an aposematic, aversive model 182 species affected spider behaviour when subsequently presented with mimetic and non-mimetic 183 palatable prey. Field observations and the results of Experiment 1 indicated that P. dominula and 184 hoverfly mimics of wasps were the most suitable species for this test: whilst S. globosum readily 185 attacks and consumes A. mellifera, it rarely if ever attacks P. dominula, and in fact often flees from a 186 flower upon encountering this species. Thus, we tested 1) whether spiders exposed to P. dominula 187 were less likely to attack wasp mimics subsequently, and 2) whether any such acquired aversion to 188 wasp mimics was stronger towards hoverfly species which are considered by humans to be more 189 accurate mimics. crab spiders were often seen foraging on it the field and it did not wilt easily. The spider was given 198 10 min to settle on the flower, after which a fly specimen from one (randomly selected for each trial) 199 of six species (four wasp mimics and two non-mimics; see Table 1) were not necessarily equal. Spider behaviours were recorded as before (Table 2) wire to be fastened in place (as above). The flies used were the hoverfly C. intermedium, which was 217 deemed the most accurate mimic of P. dominula by human volunteers, and the non-mimetic fly F. 218 canicularis (Table 1) . Their wings and legs were removed. Two "altered" forms of C. intermedium 219 were also used for comparison with artificial prey, and to control for possible effects of paint on 220 spider behaviour: they had either their yellow markings or their black markings painted over using 221 black paint (as above). Spiders (n = 98; 69 females and 29 males) were exposed to wasps as in the 222 wasp treatment in Experiment 2, and then transferred to flowers in the experimental arena. They 223 were offered artificial prey of a randomly selected type, as above, for 3 min or until the spider 224 attacked. Spider behaviour was recorded as before (Table 2 ). Random selection of the prey type for 225 each individual spider meant that sample sizes were not necessarily equal. 226
Experiment 4: Olfactory Cues 227
The final experiment was designed to determine whether S. globosum uses olfactory cues whilst 228 hunting, and whether there is olfactory mimicry in the apparently accurate visual wasp mimic C. 229
intermedium. All prey in this experiment were cylindrical pieces of black modelling clay. Each 230 cylinder was randomly assigned an odour treatment: wasp, honeybee, wasp mimic or nothing.
Odour was transferred using a similar method to that used by Wood and Ratnieks (2004) . Each 232 cylinder was placed in a sample tube with a live wasp (P. dominula), honeybee (A. mellifera), wasp 233 mimic (C. intermedium) or nothing, and shaken for ten seconds. We shook the tube sufficiently to 234 prevent the live animals from avoiding contact with the artificial prey, but not so vigorously that they 235 were obviously harmed. The experiment was carried out over 15 days in April 2010. Each spider (n = 236 238; 161 females and 77 males) was randomly assigned to a "wasp" or "no-wasp" treatment, and 237 exposed to P. dominula for 10 minutes as in Experiment 2. Spiders were then transferred to a flower 238 in the experimental arena and offered a prey cylinder from a randomly chosen odour treatment for 239 three minutes, or until it was attacked. Behaviours exhibited by the spiders during trials were 240 recorded as before (Table 2) . 241
Statistical Analysis 242
For analysis, we characterised spider responses to prey in two different ways. First, where possible, 243
we considered whether or not prey were killed in a trial as a binary response variable. In 244 experiments with dead or artificial prey, we considered whether or not prey were attacked at least 245 once, instead of whether they were killed. Second, we considered the frequency with which each 246 different behaviour (Table 2 ) occurred in each trial. Because the frequencies of some behaviours 247 were clearly correlated, we used Principal Components Analysis (PCA) to derive a smaller number of 248 uncorrelated response variables with which to describe these data. We extracted all Principal 249
Components (PCs) with Eigenvectors of greater than 1.0 for use in subsequent analysis. 250
The effects of spider sex, prey taxon or type, treatment (exposure to P. dominula) and prey mimetic 251 accuracy on the two types of response variable were analysed using either binomial or Gaussian 252 generalised linear models (GLMs) or linear mixed effects models (GLMMs). For all experiments, we 253 fitted GLMs, in which spider sex and prey taxon/type were fixed factors, and there were no random 254 effects. Where appropriate, treatment was also fitted as a fixed factor. In Experiments 1 and 2, we 255 explicitly tested the effect of mimetic accuracy using a GLMM, with prey taxon as a random factor 256 and prey mimetic accuracy (ranked) as a fixed covariate. Model fitting and simplification followed 257 0.076). None of the interactions among the main effects on the probability that spiders killed a prey 305 item was significant (p > 0.3 in all cases). It is worth noting that, whilst most prey taxa were attacked 306 at similar frequencies in the two treatments, the most accurate mimic taxon was about half as likely 307 to be attacked by spiders if they had previously been exposed to P. dominula. However, when the 308 data were reanalysed with a mixed model, there was no significant effect of mimetic accuracy on the 309 probability of prey being killed (binomial GLMM: χ Table 3 ). The first two PCs were similar to those produced in Experiment 1: the first correlated 314 positively with all behaviours except "attack", and the second contrasted the frequency of attacks 315 with the frequency with which spiders left flowers. The third PC correlated most strongly (positively) 316 with "bungee", a behaviour which was not distinguished from "retreat" in Experiment 1. 317
Analysis which modelled the effect of prey taxon as a fixed factor (GLMs) showed that there were no 318 significant effects of prior exposure to P. dominula, spider sex or prey taxon, or their interactions, on 319 PC1 (Table 4 ; Figure 5 ). There were, however, significant main effects of prey taxon and treatment 320 on PC2 (Figure 6 ). Spiders behaved most positively towards S. ribesii and most negatively towards C. 321
intermedium. In addition, spiders were less likely to attack prey, and more likely to flee them, if they 322 had previously been exposed to wasps. There were no significant interactions involving these main 323 effects on PC2. The behaviours captured by PC3 showed a complex response to the different 324 explanatory variables, with a significant three-way interaction in addition to a main effect of taxon 325 (Fig S1, supplementary information) . In general, spiders were least likely to "bungee" (i.e. had the 326 lowest PC3 scores) in response to C. intermedium, and most likely to exhibit this behaviour in 327 response to S. ribesii. The significant three-way interaction reflects contrasting patterns in male and 328 female PC3 scores, particularly towards S. ribesii, S. scripta and E. balteatus: prior exposure to wasps 329 had a relatively positive effect on the male propensity to "bungee" in response to S. ribesii and E. 330 balteatus, and a relatively negative effect on the male propensity to "bungee" in response to S. 331 scripta, when compared to the equivalent effects of exposure on females. 332
The mixed model analysis, which included a fixed effect of mimetic accuracy, did not reveal any 333 significant main effects on any of the principal components, but did indicate a significant interaction 334 between treatment and mimetic accuracy: spiders which had been previously been exposed to the 335 aversive model species were relatively more active in response to more accurate mimics, in 336 comparison with less accurate or non-mimetic prey ( Figure 5 ). 337
Experiment 3: Visual Cues 338
When spiders previously exposed to P. dominula were offered real and artificial prey whose visual 339 appearance was more or less similar to the aversive model species, the probability that they would 340 attack was significantly affected by prey type (binomial GLM: χ 2 6 = 21.173, p = 0.002; Figure 6 ). 341
Unmanipulated hoverfly mimics with black and yellow stripes (C. intermedium) and stripy artificial 342 prey were the least likely to be attacked. According to planned comparisons, artificial prey without 343 stripes were significantly more likely to be attacked than those with stripes. Hoverflies with their 344 yellow or black stripes painted black were more likely to be attacked than unpainted equivalents, 345
although not significantly so. Unmanipulated, non-mimetic control flies were the prey type most 346 likely to be attacked. Spider sex (GLM: χ 2 1 = 0.034, p = 0.854), and the interaction between sex and 347 prey type (GLM: χ 2 6 = 8.212, p = 0.223), did not significantly affect the probability of attack. 348
As in Experiment 2, PCA produced three PCs with Eigenvalues greater than one, the first two of 349 which had similar correlations with the raw variables describing spider behaviour (Table 3) attack with the tendency to leave the flower) showed patterns consistent with the above analysis of 353 spider attacks: stripy artificial prey scored lower than those without stripes, and the same was true 354 for hoverflies, whilst unmanipulated control flies had the most positive scores (Fig S2,  355 supplementary infromation). There were no significant effects of spider sex ( As in Experiments 2 and 3, PCA produced three PCs with Eigenvalues greater than one, the first two 365 of which had similar correlations with the raw variables describing spider behaviour (Table 3) . None 366 of these PCs was significantly affected by odour type or prior experience with P. dominula (Table 5) . 367
However, PC1, but not PC2 and PC3, was significantly affected by spider sex, with male spiders 368 scoring more highly, indicating higher frequencies of most behaviours (especially display, retreat and 369 approach) than were seen in females. There were no significant interactions among the effects of 370 prior experience, odour type and sex on any of the PCs. 371
Discussion 372
The results of our experiments demonstrate that the crab spider S. globosum has clear prey 373 preferences, and suggest that those preferences are influenced by the visual appearance of prey, but 374 not by olfactory cues. In addition, there was limited evidence that prior experience with an aversive 375 model species altered spider behaviour towards more accurate Batesian mimics of that model. 376
Overall our results provide support the idea that invertebrate predators can play a role in the 377 evolution of the visual appearance of their prey, and shed some light on the hypothesis that 378 differences between invertebrate and vertebrate sensory and cognitive processes result in relaxed 379 selection on mimetic perfection in prey which are subject to predation by invertebrates. 380
Prey preferences 381
The existence and nature of prey preferences in crab spiders are poorly reported. The large, flower-382 dwelling species Misumena vatia apparently shows very little discrimination among prey types, and 383 the frequencies of prey taxa in its diet are thought simply to reflect variation in prey availability 384 (Morse, 2007) . By contrast, our results show that S. globosum readily distinguished among preyspecies in the field, completely avoiding P. dominula, whilst killing and consuming nearly all 386 individuals of some dipteran taxa. S. globosum therefore has the potential to exert selection 387 pressure on prey phenotypes via the cues it uses to identify prey types. Other studies have shown 388 that even when spiders are able to discriminate among prey types, this discrimination may not affect 389 selection, because even rejected prey were left irreparably injured or dead (see Vasconcellosneto 390 and Lewinsohn, 1984) . In the case of S. globosum, however, our observations showed that none of 391 the prey which were bitten were later rejected, and all rejected prey were left unharmed. Therefore, 392 especially given its abundance and likely impact on prey populations (Ibarra and Reader, 2014; 393 Reader et al., 2006) , the results of our experiments suggest that S. globosum does indeed have the 394 potential to select for visual or other traits in aposematic and mimetic prey. 395
The putative model wasp species P. dominula was never attacked in the field experiment. 396
Furthermore, encountering P. dominula caused the spiders to become very active, often leaving the 397 flower completely during the prey presentation period. This suggests that P. dominula was aversive 398 to S. globosum, either because it is unprofitable, distasteful, or dangerous. Birds may avoid vespid 399 wasps because their abdomens are distasteful (Mostler, 1935) , but circumstantial evidence points 400 away from this explanation for avoidance of P. dominula by S. globosum: while other spiders have 401 been shown to attack unpalatable prey before rejecting it moments later (Vasconcellosneto and 402 Lewinsohn, 1984), we have only seen S. globosum attack P. dominula once (during exposure in the 403 laboratory in Experiment 2), and on this occasion the spider appeared to feed unperturbed until the 404 wasp was completely consumed. Instead, the main deterrent associated with P. dominula appears to 405 be its aggressive and/or predatory nature. In the laboratory, it frequently bit or attempted to sting S. 406 globosum, killing spiders on several occasions, and in the field P. dominula is often seen hunting 407 invertebrate prey on or around flowers which harbour S. globosum. It is therefore high plausible that 408 learned or evolved avoidance of P. dominula is adaptive in S. globosum.globosum in Experiment 1 -the honeybee -was readily attacked and consumed, a fact which helps 411 to explain the levels of mortality that spiders impose on honeybees in our field site (Reader et al., 412 2006) . For this reason, we excluded the honeybee and its mimic E. tenax from subsequent 413 experiments in which we were interested in responses to mimicry of aversive prey. The honeybee's 414 defences are apparently not a threat to S. globosum, which underlines the likely importance of P. 415 dominula's aggressive predatory behaviour, rather than the possession of a sting per se, in 416 determining spider prey choice. The almost complete avoidance of E. tenax, which to humans is a 417 good mimic of the honeybee, in Experiment 1 is puzzling. It suggests that, although visual 418 appearance may play a role in some circumstances (as in Experiment 3, for example), other factors 419 affect spider prey choice significantly. Which cues were used to identify E. tenax as unpalatable, and 420 the reason why it is unpalatable, remain a mystery which only further experimentation can unlock. 421
In two of our four experiments, sex had a significant effect on spider responses to prey. There was 422 no evidence that prey preferences were different between males and females, but males were in 423 general less likely to attack prey in the field, and more active (rather "skittish") when presented with 424 artificial prey in the laboratory. These differences could be explained by the pronounced sexual size 425 dimorphism (Blanckenhorn, 2005) Table 3 ). High scores on PC1 indicate high frequencies 644 of most behaviours except "attack" and "left flower". High scores on PC2 indicate high frequencies 645 of "attack" and low frequencies of "left flower". Post hoc tests for PC1 showed that P. dominula and 646 E. tenax were significantly different from all other taxa (p < 0.05), but that there were no pairwise 647 differences amongst other taxa. Post hoc tests for PC2 showed that P. dominula was significantly 648 different from all other taxa, but that there were no pairwise differences amongst other taxa. 649 Components (with Eigenvectors > 1.0) and the original variables describing the frequencies with which particular behaviours (see Table 2 Table 4 . Results of analysis of the effects of spider sex, prey taxon or mimetic accuracy, and treatment (whether spiders were exposed to a wasp before 682 encountering prey), and their interactions, on Principal Components (PCs) describing the behavioural responses of spiders to prey in the laboratory in 683 Experiment 2 (see Table 3 ). Models were fitted with a Gaussian error structure, and included either a fixed effect of prey taxon (GLMs), or a fixed effect of 684 mimetic accuracy and a random effect of prey taxon (GLMMs Table 5 . Results of analysis of the effects of spider sex, prey odour and treatment (whether spiders 688 were exposed to a wasp before encountering prey), and their interactions, on Principal Components 689 (PCs) describing the behavioural responses of spiders to prey in the laboratory in Experiment 4 (see 690 Figure S1 . The effects of previous exposure to the aversive model P. dominula, and prey taxon, on the behaviour of male (a) and female (b) spiders, when offered 709 different prey taxa in the laboratory in Experiment 2. Spider behaviour is described by mean PC3 scores (+/-SEM) derived from Principal Components Analysis of 710 the frequencies of eight different behaviours observed in the field (see Table 3 ), with high scores indicating spiders which were more likely to "bungee" from the 711 flower on which they were foraging. 712 Figure S2 . The effects of prey type on the behaviour of spiders towards real and artificial prey in the laboratory in Experiment 3. Prey types were: Natural Mimic 713 (the accurate wasp-mimic C. intermedium; n = 13), Black Mimic (C. intermedium with its yellow stripes painted black; n = 11), Control Mimic (C. intermedium with 714 its black stripes painted black; n = 9), Stripy Artificial (yellow clay with black stripes; n = 16), Yellow Artificial (yellow clay with yellow stripes; n = 16), Black Artificial 715 (black clay with black stripes; n = 18) and Non-mimic (the non-mimetic fly F. canicularis; n = 15). Spider behaviour is described by mean PC2 scores (+/-SEM) 716 derived from Principal Components Analysis of the frequencies of eight different behaviours observed in the field (see Table 3 ), with high scores indicating spiders 717 which were more likely to more likely to attack prey, and less likely to flee from them. 
